The issues of diffuse and point source phosphorus (P) pollution in river systems are presented using a catchment model to assess nutrient behaviour, seasonal effluent standards and biosolid substitution. A process based, dynamic water quality model (INCA-P) has been applied to four UK catchments, namely, the Rivers Tywi, Wensum, Lunan and Test, to simulate water fluxes, sediments, total phosphorus (TP) and soluble reactive phosphorus (SRP) concentrations. The model has been used to assess impacts of both agricultural runoff and point P sources from Waste Water Treatment Plants (WWTPs) on water quality. With increasing costs for P fertilizer and P reduction at WWTPs, a strategy of recycling P from WWTPs as biosolids to substitute for fertilizers in vulnerable catchments has been investigated. Significant reductions in P concentrations are achieved if this substitution were implemented on a large scale. Reductions in SRP of between 4 and 41% can be achieved using this strategy. The effects of implementing new WWTP standards are shown to reduce SRP by 30%.
Waste Water Treatment Plants (WWTPs) on water quality. With increasing costs for P fertilizer 23 and P reduction at WWTPs, a strategy of recycling P from WWTPs as biosolids to substitute for 24 fertilizers in vulnerable catchments has been investigated. There would be significant reductions 25 in P concentrations in these rivers if this substitution were implemented on a large scale, as 26 biosolid P can be significantly less soluble than standard superphosphate fertilizers. Reductions 27 in SRP concentrations of between 4 and 41% can be achieved using this strategy. The magnitude 28 of the reductions is highly dependent on the nature of the river system and land use; upland 29 largely unimproved pastures predicting less reductions in water P concentrations than lowland 30 heavily fertilised and improved pastures The effects of implementing new effluent discharge 31 standards with high levels of P removal have been investigated for the River Wensum and are 32 shown to reduce SRP by 30% in the river system. As the cost of P reduction at the WWTPs is 33 high, an alternative strategy using seasonal consent standards applied in only summer months has 34 been assessed. The modelling suggests that such an approach could reduce SRP by 53% 35 compared to the current treatment levels and achieve a substantial reduction in treatment costs 36 year round.
INTRODUCTION

39
Sustainable food production and water quality degradation as a result of excessive nutrient inputs 40 are two of the biggest problems facing society today. Global food production is ultimately 41 dependent on phosphorus (P) supply (Cordell and White, 2011). Increasing concerns are being 42 expressed about "peak phosphorus", or the idea that global P reserves are insufficient to support 43 food production in the future. Furthermore, once P enters surface waters via runoff from the 44 terrestrial environment or from waste water treatment plants (WWTP) (Comber et al., 2010) , it 45 can have adverse effects on water quality. Excessive P inputs have been linked to eutrophication 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 in freshwater (Carpenter et al. 1998, White and Hammond 2008) and marine (Nixon, 1995, companies are obliged to meet annual average targets of typically 1 or 2 mg-P/l all year round,
63
depending on the size of WWTP and sensitivity of the receiving water. However, a more 64 beneficial ecological outcome may be derived from applying tighter permits during summer 65 months when biological activity is at its highest, then allow a more relaxed permit during the 66 winter when higher flows and lower productivity ensures that the impacts of P derived from 67 WWTP would be significantly reduced.
69
Approximately 90% of the 20 Mt/yr P used in global agricultural fertilizer is currently derived 
83
Recycling to agricultural land is the most sustainable option as it enables nutrients to be recycled 84 to maintain soil fertility and to provide farmers with an alternative to inorganic fertilizers and 85 manures which may not have the same environmental benefits and are more expensive.
86
Approximately 44% of sludge used on agricultural land is anaerobically digested; the majority of 87 this is applied as liquid rather than dewatered sludge cake. Treated liquid sludges (3-6% dry The greatest risk for surface water contamination from P is particulate-P from soil erosion (with 105 its associated sorbed-P) by runoff. Biosolids improve soil structure and thus reduce the risk of 106 runoff (Evans, 2010 is also now the preferred option for application, rather than surface spreading, as it both reduces 125 runoff likelihood as well as reducing odour issues (UKWIR 1997).
127
Although some leaching has been detected in soils amended with lime stabilized biosolids scenarios for catchment-scale P management using INCA-P, a process based, catchment-scale 137 model of P dynamics (Wade et al. 2002) . In particular, we simulate the impacts of two 
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SCENARIO STRATEGY
219
Environmental legislation is now driving investment to reduce P discharges to surface waters via 220 the UWWTD which sets numeric annual average TP concentrations of 2 mg/l for works serving 221 populations between 10,000 to 100,000 and 1 mg/l for works serving greater than 100,000 With INCA-P set up for the four catchments, a number of scenarios were run to determine the 237 impact of different agricultural and WWTP management scenarios on P discharge to receiving 238 waters. For each of the catchments land use was kept constant as were the fertilizer application 239 times and rates. The only variable changed was the type of fertilizer applied and its solubility.
240
The solubility of the different forms of biosolid that are available and those of the standard 241 inorganic P are provided in Table 1 . Three types of P fertilizer and biosolids substitution were 242   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 used in the scenarios, namely a base case, assuming use of inorganic phosphorus fertilizer, a 243 scenario with 50% substitution with lime stabilised biosolids and a scenario with 50% 244 substitution with digested cake biosolids.
246
Seasonal Consent Conditions
247
Previous and current P permits for the Wensum are shown in Table 2 and show the increase in 248 permits applied from 2010 onwards, reflecting the agreed investment to reduce P loads to the 249 river. In order to determine the contribution from WWTP to total catchment P loads, one 250 scenario was run with effluent P levels set to zero, so effectively removing point sources of P 251 completely. Permitted P values are based on achieving an annual average concentration, 252 however, for the purpose of catchment management and seeking to achieve good ecological 253 status, the model simulations were run by setting the mean effluent TP concentrations to 0.25 254 mg/l during summer when biological activity is at its peak (April to September) and 2 mg/l 255 during winter (October to March) ( Table 3 ). For these scenarios the diffuse agricultural inputs 256 were fixed at the baseline scenario where only inorganic P fertiliser is used within the catchment. 
SIMULATION AND SCENARIO RESULTS
266
The INCA-P outputs were compared with measured phosphorus concentrations reported by the 
273
Simulations suggested that biosolid substitution would reduce in-river P concentrations in the 274 four study catchments ( Figure 5 , Table 3 ). The effect is most pronounced during high flow 275 conditions when diffuse P is being flushed into the river system. There are some noteworthy 276 contrasts in the percentage P reduction between rivers (Table 3) . In all cases, the replacement of 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 286 287 288   Lunan   289   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 Table 4 shows the scenarios modelled for the Wensum, which include the present permitting 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 assumes a summer permit of 2 mg-P/l for the all the works during the summer. During winter it 305 is assumed that there are no permits for the smaller works. In the third scenario it is assumed that 306 two large works (WWTP 2 and 4) are reduced to 1mg/l with no permits for the smaller works in 307 winter. The final scenario explored the impact of permits lower than the tightest UWWTD value 308 for the two largest works (0.25 mg-P/l) for the summer months and no permit for smaller works 309 in winter.
Figure 4 Simulated (Black line) and Observed (Red line) for Flow and SRP in the River
311
The data in Tables 5 and 6 Progressive reductions in agricultural P fertiliser inputs in the River Wensum were simulated.
331
Results showed that reducing diffuse agricultural P fertiliser, whilst leaving WWTP inputs at 332 current 2010 onwards levels, exhibits a linear response of 2e-4 mg P/l for every % reduction in 333   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 agricultural inputs (for any given reach) with a maximum reduction of up to around 35% 334 assuming no point source agricultural discharges.
335 336
DISCUSSION
337
The simulations for the rivers illustrate the differing effects of point and diffuse P sources on 
352
The variation in the degree of P reduction within the catchment resulting from using biosolids 
361
It should also be noted that some variation in the solubility of biosolid P is to be expected, which 362 will add some degree of uncertainty to the modelled P reductions.
363
Biosolids application cannot be seen as a panacea for the problems of disposing of WWTP P.
364
Like the use of inorganic fertilizers, excessive application of biosolids have been linked to P 
406
The modelled scenarios also show that reducing agricultural discharges will have a significant 407 impact on river concentrations, which is unsurprising as along with WWTP effluent input these 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 showed that summer river P concentrations can be lowered using tighter discharge limits, which 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 of phosphorus loading rates in Australia. In LeBlanc, R.J., Laughton, P.J. and Rajesh, T. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 
